The work presented here deals with the photoreduction of metallic silver nanoparticles onto the surface of Ag 3 PO 4 and resulting photo-catalytic activity enhancement towards degradation of dye molecules, namely Rhodamine B (Rh. B) as a model compound, from aqueous solution under UV or visible light irradiation. Our results clearly indicated that the photoactivity of Ag 3 PO 4 was significantly enhanced by depositing an optimum amount of silver nanoparticles, even though the adsorption kinetics rate and capacity decreased after the silver nanoparticles agglomerate extensively. The surface plasmon resonance (SPR) excited between the silver nanoparticles and Rh. B interface is a physical origin and responsible for the boosted photoactivity, which strongly depends on the specific wavelength of the incident light.
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Research highlights ► Ag/Ag 3 PO 4 composites with different molar ratios have been prepared.
► The photoactivity is strongly dependent on the wavelength of the incident light.
► The photoactivity is dependent on the molar ratio of Ag/Ag 3 PO 4 as well.
► Simulation results suggest a good agreement with our experimental observations.
Introduction
Heterogeneous photocatalysis technology has become a promising approach to solve energy and environmental problems since 1972 [1] . The concept of "low-carbon & green life" as well as the pioneer achievements by scholars such as Asahi [2] , Zou and
Ye [3] are inspiring and great enthusiasm to develop highly efficient photocatalysts to improve the quantum efficiency under visible light (380-780nm) which represents around 42 % of the total light spectrum of the solar radiations [4, 5] .
In early 2010, silver orthophosphate (Ag 3 PO 4 ) was reported as an active semiconductor which showed an extremely high photo-catalytic performance with quantum efficiency over 90% at wavelengths longer than 420 nm [6] . Soon after, synthesis of single-crystalline Ag 3 PO 4 sub-micro crystals with selective facets [7] , colloidal Ag 3 PO 4 nanocrystals [8] , Ag 3 PO 4 sub-microcrystals [9, 10] , Ag 3 PO 4 nanowires [11] and AgX/Ag 3 PO 4 (X = Cl, Br, I) [12] in the corresponding semiconductor crystals [13] . The photocatalytic activity enhancement was attributed to localized surface plasmon resonance (LSPR) induced by metallic silver nanoparticles deposited on the surfaces of the silver salt photocatalysts.
Generally, surface plasmon resonance (SPR) for planar surfaces or localized surface plasmon resonance (LSPR) for nanoscaled metal particles can be induced by the excitation of surface plasmons (also known as surface plasmon polaritons, SPP) by using proper wavelength photons. The unique properties of surface plasmon have found a number of promising applications, such as heterogeneous photocatalysis [14, 15] , sensors [16] , photovoltaic cell [17, 18] .
Although the plasmonic effect of metallic nanoparticles on photocatalysis has been reported recently using wide spectrum of visible light for various photocatalysts, the report on monochromatic responses of these materials in terms of photocatalytic enhancement is very rare. As it is known, the extent of SPR and LSPR are highly dependent on the wavelengths of incident photons, so investigation of monochromatic response of these materials deserves much more attentions than it currently receives.
In this investigation, a series of Ag/Ag 3 PO 4 composites were prepared by a facile photochemical method and their monochromatic response (i.e., 350, 420, 450, 500nm) was investigated by photodegradation of a model compound (i.e, Rhodamine B (Rh. B)). Rh. B photodegradation in water was found to be strongly dependent on the wavelength of incident light and the amount of surface silver nanoparticles on Ag 3 PO 4 , which is substantiated well by physics simulation results. 
Experimental and Calculation method
where q t (μmol g -1 ) is the adsorption capacity at specific contact time, k 1 (min -1 ) is the pseudo-1 st -order kinetic constant and t is the adsorption time.
Adsorption isotherm is another significant approach to evaluate the adsorption capacity of adsorbents as well as to understand the interactions between adsorbate and adsorbent. To investigate the isothermal behavior of Rh. B adsorption, typical isothermal models i.e. Langmuir and Freundlich, were adopted.
For Langmuir model, the adsorption can be expressed as follows [20] :
where q e is the adsorption amount at equilibrium (μmol g -1 ), C e is the equilibrium concentration of the aqueous solution (μmol L -1 ), q m is the maximum adsorption capacity (μmol g -1 ) and K L is the constant related to the free energy of adsorption (L mg -1 ).
The Freundlich model for adsorption of Rh.B can be written as follows [21] :
where
and n are two constants indicating the relative adsorption capacity and the intensity of the adsorption, respectively. The symbols q e and C e represent the adsorption amount at equilibrium (μmol g -1 ) and equilibrium concentration of the aqueous solution (μmol L -1 ), respectively.
A 300 W Xenon lamp (Beijing Trusttech Co. Ltd., PLS-SXE-300) was selected as the light source. Series of band-pass filters (350 nm, 420 nm, 450 nm, 500 nm and 550 nm) were used to obtain different wavelengths as incident monochromatic light. After photochemical reactions, the catalyst was removed by centrifugation (14,000 rpm) and the absorbance of the resulting dye solution was determined.
Calculation method for scattering cross section [22-24]:
The scattering cross section, which can estimate the scattering strength of a metallic nanostructure, is defined by
where "conj" denotes the complex conjugation, S is an arbitrary surface enclosing the metallic nanostructure, ( )
is the incident energy flux, and s E and s H are the scattered electric and magnetic fields, respectively.
The scattering cross section of a nanosphere can be obtained from Mie series or the generalized reflection coefficient of the spherically layered media The formed silver nanoparticles can be clearly observed from SEM images of as-prepared samples (see the Supporting Information, Figure S1 ). Based on the characterization results above, we could assume the average diameters of metallic silver and Ag 3 PO 4 are 0.05μm and 1 μm, respectively. Therefore the mass of each Ag 3 PO 4 particle can be obtained at 3.31 ×10 -12 g (ρ(Ag 3 PO 4 )=6.37 g·cm -3 ). If a thin film of silver (with thickness of 50 nm) covers one Ag 3 PO 4 particle completely (i.e. monolayer coverage), the needed mass of metallic silver is at least 1.82×10 -12 g (ρ(Ag)=10.5 g·cm -3 ) , i.e. the coverage ratio of metallic silver should be ≥55.0 wt%.
Our semi-quantification results suggest that the metallic silver ratios for all the samples are less than 10% which are far lower than the theoretical value. Therefore it can be deduced that the surface of Ag 3 PO 4 can not be completely covered by photoreduced metallic silver nanoparticles in this study. These theoretical results are well in agreement with the experimental results of SEM and XPS.
Low-resolution STEM characterization shows that some black points could form after irradiation by electron beam, which clearly shows the low stability of Ag 3 PO 4 under electron irradiation and the reduction of Ag (bonded) by electron beam irradiation.
Unfortunately, we were failed to obtain the STEM images of the as-prepared composite samples due to the instability of silver phosphate under electron beam (see the Supporting Information, Figure S2 ). In order to quantify photocatalytic activity enhancement by the presence of metallic silver on Ag 3 PO 4 , we propose a term: enhancement factor (FE λr ), which is expressed as follows:
where λ and r denote the wavelength of incident light and metallic silver ratio value respectively; k λ0 and k λr represent k for the photodegradation over pure phase Ag 3 PO 4 and Ag/Ag 3 PO 4 with a metallic silver ratio of r under incident light (λ). It is worth mentioning that Mie series is employed to compute the scattering cross section of a single silver nanoparticle (assuming the silver particle size of 10 nm, 20
nm and 40 nm) in Rh. B background (as depicted in Figure 3 (c)) and the associated LSPR could not have a good spectral agreement with the enhancement peak of photoactivity. However, the agglomeration of silver nanoparticles can not be avoided and the assumption of corrugated thin metallic layer as well as supported surface plasmon resonance is reasonable. Extensive agglomeration of silver nanoparticles will partially cover the Ag 3 PO 4 surface so that the reaction of Ag 3 PO 4 with Rh. B will be gradually inhibited. This is the reason why the adsorption kinetics rate and capacity decreased after the silver particles agglomerate extensively.
Conclusions
In summary, this paper reports the photodegradation enhancement on Ag/Ag 3 PO 4 composites by plasmonic effect. It was found that both factors such as combined metallic silver amount and the wavelength of incident photons could dramatically influence the photoactivity improvement. Freundlich models (R.T., dosage = 0.1 g/37 mL). 
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